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Abstract 
With the Paris Agreement coming into force, global efforts will need to maximize opportunities 
through energy efficiency and renewable energy generation. Zero energy/carbon initiatives are 
mushrooming worldwide, but it has not been fully understood which building types in which 
climates and under which conditions can potentially be built to net zero energy standards. In order 
to inform these efforts,  a new model was developed to estimate the technical potential for building-
--integrated solar energy (BISE, the name of the model) generation in a high resolution regional, 
climate and building typology breakdown. , The BISE model also evaluates the opportunities for 
potential net zero energy buildings based on the BISE findigns, combining these with the findings 
of two global low-energy building models. The BISE model has a very high resolution in terms of 
geographic regions, climate types, building types and vintages. Moreover, the model combines 
methods for bottom-up energy modeling and geospatial analysis. The thermal building energy 
demand estimation is based on the 3CSEP-HEB model and the plug load scenarios are based on 
the BUENAS model. Results are wide, due to intrinsic limitationso of the model detailed in the 
paper, but it is shown that there is a substantial potential for building-integrated solar energy 
generation in all world regions, and that the Deep Efficiency Scenario allows significantly more 
building types to meet net zero energy levels by 2050in contrast to a scenario when only  moderate 
energy efficiency improvements are implemented.  
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AvF   Availability Factor 
BIPV   Building Integrated Photovoltaics 
BISE   Building Integrated Solar Energy 
BUENAS  Bottom-Up Energy Analysis System 
CDD   Cooling Degree Days 
3CSEP-HEB Higher Efficiency Building – Centre for Climate Change and Sustainable 
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ETH Thermal Energy 
FR Heat Removal Factor 
FA Floor Area 
GIS   Geographic Information System 
HDD   Heating Degree Days 
IB   Beam solar Irradiation 
ID   Direct solar Irradiation 
Iglob   Global solar Irradiation 
IT   Total solar Irradiation 
INDC   Intended Nationally Determined Contribution 
NZE   Net Zero Energy 
PV   Photovoltaics 
PV/T   Photovoltaic thermal 
Rb   Ration of Beam radiation 
RA   Roof Area 
TOA   Top-Of-Atmosphere 
UL   Overall heat loss coeficient 
 
Greek symbols 
   Absorptivity 
   System slope 
   Efficiency 
   Portion of global solar radiation reflected from the ground 
   Transmittance 
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1.  Introduction, Rationale and Aim 
 
189 countries through their Intended Nationally Determined Contributions (INDCs) agreed to keep 
global warming “well  under 2 degrees”, with an aspiration to maximize it at 1.5ºC, and balancing 
sources of greenhouse gas emissions with sinks for the second half of the century (COP21 2015). 
This requires an unprecedented effort at reducing energy-related emissions, too. 88 countries 
(including the European Union) specifically mentioned building and construction related actions 
in their NDCs (Dean et al. 2016). Buildings, being responsible for approximately one-third of 
global final energy use, are a key lever towards this effort, and are also among the areas where the 
deepest reductions are possible with limited sacrifice to service levels (Lucon et al. 2014). For 
instance, if visions towards dominantly net zero or energy plus buildings could be realized, this 
could relieve some burden from broad use of presently controversial negative emission 
technologies as such technologies are largely not included in integrated assessment models 
outlining global emissions pathways (UNEP 2016).  As a result, net zero energy mandates and 
aspirations have been mushrooming worldwide. However, due to limited local renewable energy 
exposures and very diverse levels of energy demand, it is not well understood what share of global 
buildings can actually meet such ambitious goals.    
Considering buildings as micro energy hubs1, that are able to save, generate, store energy, and 
provide high quality energy services to the users, is hypothesized to offer a vast potential towards 
reaching ambitious climate targets. In addition, it helps in transitioning to more sustainable and 
reliable energy systems. Such approach presumes maximizing energy efficiency and increasing the 
on-site renewable energy generation with adequate energy storage capacities (De Groote and 
Fabbri 2016). Moreover, building integrated photovoltaics (BIPV) are recognized as systems with 
a significant potential to facilitate the energy transition towards renewable energy (Chang et al. 
2019). BIPV can be implemented with PV or with PV/T. A hybrid PV/T solar system is a 
combination of photovoltaic (PV) panels and solar thermal (T) components. A PV/T system is a 
device that uses PV cells as a thermal absorber to convert electromagnetic radiation into electricity, 
while a solar thermal collector converts solar energy into heat and removes waste heat from the PV 
module. The aim of these components is to use the heat generated in the PV panel in order to 
generate not only electrical, but also thermal energy (Dupeyrat et al. 2011).  
However, there is limited detailed understanding as for the global and regional opportunities and 
potentials offered by such building integrated solutions, as stated by Sulllivan et al. (2014), being 
the only one with global coverage that of Hoogwijk (2004), which will be comented in detail later 
in this paper.  
The purpose of the creation of the BISE (Building Integrated Solar Energy) model, described in 
this paper, was to fill in this major knowledge gap: providing global and regional geospatially 
resolved high-granularity knowledge on the feasibility and potentials offered by very high energy 
efficiency buildings, combined with building-integrated renewable energy sources – i.e. how close 
can buildings become micro energy hubs; helping with the discourse on what share of the global 
building stock can aspire towards net zero energy standards.  
                                                            
1 ‘A micro energy-hub can be considered as a building or a group of buildings exibly connected and synchronised 
with an energy system, being able to produce, store and/or consume energy efficiently’ (De Groote and Fabbri 2016). 
  4
Solar energy systems are currently the most widely installed renewable energy systems in the 
building sector in an effort to move towards net zero energy (NZE) level of building energy 
performance (Tsalikis and Martinopoulos 2015). However, to the date the understanding of the 
quantitative potential for the synergetic effect between building energy efficiency and building-
integrated solar energy generation remains limited, especially on the large scale. 
The model presented in this paper provides the opportunity to evaluate the feasibility of zero energy 
(or energy plus) buildings globally at a very high geospatial resolution, as well as by detailed 
building typology, vintage, use, and urban vs. rural location. More concretely, this requires the 
calculation of the maximum possible technical potential for building-integrated solar energy 
generation for various regions with the precision appropriate for an individual solar system. 
According to Voivontas et al. (1998) cited in Mondal and Denich (2010), technical potential for 
renewable energy sources can be defined as “the amount of energy that can be exploited using 
existing technologies and thus depends on the time point of assessment”. From this definition it 
follows that technical potential includes neither evaluation of the probability for this potential 
realization nor the costs of such realization.  
The BISE model presented in this paper is novel from several perspectives. First, there is no similar 
estimation of the technical building-integrated solar energy potential at the global and regional 
scale. Adding a high level geospatial resolution to this pioneers further new ground. Evaluating the 
feasibility of net zero energy buildings per building type, end-use, vintage, urban/rural areas is rare 
even on a local basis, while the BISE model provides this analysis at a high-resolution global basis. 
The model is extremely complex and a broad range of results has been generated. Therefore, this 
paper is the first in a series to describe the model methodology and its key high-level outputs. The 
purpose of this particular paper is mainly to present the overarching modeling logic, key 
assumptions, inputs, types of outputs the model can generate, and, finally, to provide a brief insight 
into a small selection of the key global findings. 
    
2. Background: earlier estimates of building integrated solar energy potential 
 
Most of the literature on building-integrated solar potential estimations focuses on photovoltaic 
(PV) technologies. However, the attempts to provide estimations at the global level are quite scarce 
and the sources usually narrow down the geographical scope to much smaller areas. For example, 
Gagnon et al. (2016) quantify the technical potential of photovoltaic (PV) systems deployed on all 
suitable areas of the rooftops in the continental United States. The authors used geographic 
information system (GIS) methods and PV-generation modeling to calculate the suitability of 
rooftops for hosting PV in 128 cities nationwide, subsequently extrapolating the estimates to the 
entire continental US California shows the greatest potential, with the opportunity to offset 74% of 
its electricity use in 2013 with rooftop PV, while for the whole US it is estimated that about 40% 
of its electricity needs can be covered through rooftop solar energy generation (Gagnon et al. 2016). 
A similar approach is followed by Jo and Otanicar (2011) to evaluate the potential PV electricity 
generation different governmental buildings in the Phoenix Metropolitan Area, showing that 10% 
of the total electricity consumption could be replaced by PV electricity. Similarly, Vulkan et al. 
(2018) developed a model to evaluate the potential of PV in residential buildings in dense urban 
areas, implementing it in Rishon LeZion, Israel. 
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A similar (LiDAR2) GIS method was applied to create the map of the New York city, which shows 
the solar energy potential for more than a million buildings in the city (Navarro 2011). The 
estimations presented on the map are produced by a computer model that calculates the incoming 
direct and diffuse solar radiation for every square meter of buildings rooftops in the City of New 
York, taking into account the position of the sun, overall atmospheric conditions, latitude, and 
shading (The New York City Solar America City Partnership 2016). Similar online tools estimating 
the potential for electricity generation from buildings rooftop PVs taking into account solar 
radiation, weather conditions, PV system area, tilt, orientation and potential shading, exist for 
Cambridge, Massachusetts (Mapdwell 2016) and Australia (APVI 2016). 
Wiese et al. (2010) estimated technical potential of roof-tops for Austin Energy service area at the 
level of 3.3 million MWh per year. Leitelt (2010) presented results for Chapel Hill in the US, where 
potential annual energy output from PV installed at all available roof tops is 107,484 MWh. Castro 
et al. (2005) developed several scenarios for estimating potential solar electricity output from PV 
mounted on available roof areas in South region of the Iberian peninsula in Spain. According to 
the authors, by 2020 this region could produce 529 TJ of solar electricity under Moderate scenario, 
937 TJ – under Normal scenario and 1875 TJ – under Ambitious scenario. 
A few studies have explored the potential of solar water heating systems. Pillai and Banerjee (2007) 
calculated that the technical potential of solar water heating systems for the ‘synthetic area’ of Puna 
in India is 0.39 million lpd, which is equivalent to 6300 m2 of collector area. Using 8005 
municipalities of Spain as a geographical scope Izquierdo et al. (2011) estimated that roof-top solar 
water heating systems can supply1662 ktoe/yr of primary energy and 30.5 TWh/yr of total energy. 
The authors also estimated potential electricity output from roof-top PV at the level of 10 TWh/yr. 
Tsalikis and Martinopoulos (2015) investigated solar energy potential of photovoltaic and solar 
thermal technologies in typical residential buildings in Greece, concluding that utilisation of a solar 
combi system for space and water heating, coupled with a small photovoltaic system can provide 
enough energy for getting close to the net zero energy balance.  
As illustrated, most studies on building-integrated solar energy are local in coverage. We proceed 
by describing the global BISE model that represents the first global attempt at the detailed 




The core of the methodology presented in this paper is the Building Integrated Solar Energy Model 
– BISE model – developed by the authors. The methodology presented in this paper combines 
estimation of technical potential for both solar thermal and solar electric energy generation. After 
a careful investigation by the first author, in order to investigate the maximal solar energy 
generation potential, the analysis focuses on the deployment of building-integrated hybrid 
photovoltaic thermal (PV/T) systems on a wide-scale across various regions and building types. 
The results for potential solar energy output are compared to estimated building energy demand, 
                                                            
2 LiDAR stands for Light Detection and Ranging. It is a remote sensing method that uses light in the form of a pulsed 
laser to measure ranges (variable distances) to the Earth. A LIDAR instrument principally consists of a laser, a 
scanner, and a specialized GPS receiver. Airplanes and helicopters are the most commonly used platforms for 
acquiring LIDAR data over broad areas (NOAA 2016) 
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significantly reduced through ambitious energy efficiency improvements, in order to assess the 
synergetic effect of high levels of buildings energy efficiency and solar energy generation in 
progressing towards net-zero energy or energy plus level of building energy performance. The 
following sections provide the details on the methodology of this analysis.  
 
3.1. BISE model overview 
The BISE model estimates the maximum technically possible solar energy generation by advanced 
technologies integrated into buildings. After careful investigations, the first author decided to focus 
on the hybrid photovoltaic and thermal (PV/T) solar energy technologies, described further later 
on, which allows for production of solar heat and solar electricity from the same receiving system 
surface. The model furthermore focuses on roof-integrated opporutnities, since walls provide much 
smaller potentials and are also less aesthetically accepted. Therefore, the main output of the model 
is the amount of solar heat and electricity, which can be produced on buildings roofs and utilized 
in buildings to meet energy demand for the main end-uses. It is assumed that solar heat can be used 
in buildings for space and water heating, while solar electricity can be used for meeting building 
energy demand for space cooling, lighting and appliances.  
The BISE model allows for obtaining the results for different regions, climate zones, building 
types, building vintages and energy end-uses for each months of each year between 2005 and 2050, 
ensuring a high level of detail. In terms of regions, climate zones and building types the BISE 
model follows the same structure as High Efficiency Building (HEB) Model developed by Centre 
for Climate Change and Sustainable Energy Policy (3CSEP) (for further details on the 
methodology and input data for the 3CSEP-HEB model see Urge-Vorsatz et al. (2013), Urge-
Vorsatz, Petrichenko et al. (2012)). 
Eleven large regions are considered in the model, namely: North America, Western Europe, Eastern 
Europe, Former Soviet Union, Latin America, Middle East, Sub-Saharan Africa, South Asia, 
Centrally Planned Asia, Pacific OECD, and Other Pacific (for more details on definition of 
different regions see Urge-Vorsatz, Eyre, et al. 2012). 
Within each region different climate zones are considered in order to capture the difference in 
building energy use and potential solar energy generation caused by climate variations. The 
differentiation among different climate zones is based on several climatic factors in terms their 
influence on building energy demand, namely: Heating Degree Days (HDD), Cooling Degree Days 
(CDD), relative humidity of the warmest month3 (RH), and average temperature of the warmest 
month (T). The GIS spatial analysis tool and raster calculator technique were used to obtain this 
multiple-criteria climate classification with 17 climate zones and different combinations of the 
climate zones in each region (for more details on climate classification see Urge-Vorsatz, 
Petrichenko et al. 2012). 
The BISE model distinguishes between urban, rural and slum areas of the built environment, as 
well as between residential and non-residential buildings. In urban areas residential buildings 
include single-family and multifamily buildings, while in rural areas only single-family buildings 
are assumed. Non-residential buildings are comprised of six sub-categories: hotels and restaurants, 
hospitals, educational, office, retail, and other buildings. The model also takes into account five 
building vintages in terms of different levels of building energy performance: existing/standard, 
                                                            
3 July is assumed to be the warmest month for the Northern Hemisphere and January – for the Southern Hemisphere 
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new, retrofit, advanced new, and advanced retrofit buildings (for more details see Urge-Vorsatz, 
Petrichenko et al. 2012).  
For each of these parameters (i.e. regions, climate zones, building types and vintages) the BISE 
model calculates potential solar thermal and solar electric outputs, which are compared to estimates 
of building energy demand for the respective end-uses, in order to analyze how much of the thermal 
and the electric demand can be met through solar energy generation. The estimates for building 
energy demand for different end-uses have been accessed from existing modeling products: namely 
3CSEP High Efficiency Building (HEB) Model and Bottom-Up Energy Analysis System 
(BUENAS) Model (McNeil et al. 2012). 3CSEP HEB Model offers the results on energy use for 
space heating, cooling and water heating, while BUENAS Model gives the opportunity to derive 
the estimates on energy use for lighting and appliances.  
Figure 1 illustrates the overall modeling logic of the analysis presented in this paper. As it can be 
seen from the Figure, input data for the model are mainly related to climatic and geographical 
parameters (different types of solar radiation, wind speed, ambient temperature, etc.), which are 
used for calculating solar energy outputs. Through a number of intermediate calculation steps the 
algorithm estimates hourly solar irradiation received by one square meter of the solar system, which 
is a key parameter for calculating solar thermal and electrical outputs from the solar systems.  
As a separate process the roof area available for the installation of the solar technologies is 
calculated based on the estimations of the floor area from 3CSEP HEB model, roof-to-floor area 
factors resulted from the GIS analysis of the global urban built-up areas and roof availability factors 
found in the literature. The available roof area is calculated for each region, climate zone and 
building type.  
At the next stage a number of technical parameters specific for a particular type of solar systems 
are taken into account in the calculations in order to estimate potential solar thermal energy supply 
and separately solar electric output. 
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Figure 1. Schematic Map of Research Design 
  9
3.2. GIS analysis 
Geospatial analysis is a crucial aspect of the BISE model. Geographic Information 
Systems (GIS) were developed as “tools for the storage, retrieval and display of 
geographic information” (Fortheringham and Rogerson 1994) and give the opportunity 
to “study and understand the real world processes by developing and applying 
manipulation, analysis criteria and models and to carry out integrated modeling” (Raju 
2011).  
For the purpose of the BISE model GIS analysis is used for two purposes: 
1) Handling and processing the geospatial climatic datasets (see sub-section Input 
data below). 
2) Deriving roof-to-floor ratios from the geospatial datasets on global urban built-
up areas for calculating roof areas available for solar systems installations 
(Jackson et al. 2010). 
For the second purpose the geospatial dataset containing the location of the areas with 
low, medium and high built-up densities within urban territories was obtained together 
with a generic Excel dataset, presenting various urban areas characteristics, and most 
importantly percentage of roof area for each type of built-up densities. From the 
geospatial data obtained the total urban built-up area was calculated for each region and 
urban area type by means of the spatial analysis zonal statistics of the ArcGIS software. 
Spatial analysis is one of the techniques used in GIS, which may be defined as “a 
general ability to manipulate spatial data into different forms and extract additional 
meaning as a result” (Fortheringham and Rogerson 1994).  
Total roof areas were calculated using the data on roof area percentages of the built-up 
areas for each urban area type, assuming that they are the same for all climate zones 
within one region. Urban area types were then aligned with building types of the BISE 
model, based on the assumptions for the predominant type of buildings in each of the 
areas. 
 
3.3. Calculation Procedures 
The BISE algorithm consists of four main parts, and the key formulas for each of them 
are presented below. 
The solar system area is calculated using the following equations: 
 Roof area for each region and climate zone 
𝑅𝐴 𝐹𝐴  𝑅𝐹  
where RA – roof area, FA – floor area, RFratio - roof-to-floor ratio 
 Roof area available for solar systems installation for each region and climate zone 
RAavailable 𝑅𝐴 𝐴𝑣𝐹   𝐴𝑣𝐹  
where RAavailable - roof area available for solar systems installation, AvFs  - 
availability factor to account for effects of shading, AvFf - availability factor to 
account for effects of roof facilities  
The hourly irradiation on the plane of the solar system array follows: 
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𝐼  𝐼 𝑅  𝐼  
1 𝑐𝑜𝑠𝛽
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where IT - total solar radiation received by the solar system’s surface, Rb is the ratio 
of beam radiation on the solar array to that on the horizontal surface, β is the system 
slope, depending on the latitude, IB - beam radiation, ID - diffuse radiation, Iglob - 
global radiation,    is a view factor to the sky, i.e the proportion of the sky that 
is visible from a given observer point (surface of the solar array) (Oke 1987); 
 
  
is a view factor to the ground; and ρ is the portion of the global solar radiation 
reflected from the ground. 
The electric solar energy supply has two parts: 
 Electric efficiency of the solar system 
𝜂  𝜂  1  𝛽 𝑇  𝑇  
where ηr is the solar system electric efficiency at reference temperature Tr and βp is 
the temperature coefficient for the system’s efficiency. ηr and βp depend on the type 
of solar system. Tc is the hourly solar system’s surface temperature 
 Electric energy output generated by one square meter of a solar system per hour 
𝐸   𝐼   𝜂  
where ηelec - electrical efficiency of the solar system, IT - the amount of total solar 
radiation received on the solar array. The output is further reduced to account for 
inverter efficiency and system losses 
The thermal energy output generated by one square meter of a solar system per hour 
is calculated depending on a system configurations not the whole amount of IT can 
be converted into thermal energy. Therefore, first, the output energy from one 
square meter of a solar system per hour is calculated (ETH output), taking into acount 
the difference between the temperature of the working fluid entering the system and 
the ambient air temperature and the solar system characteristics: 
𝐸   𝐹   𝐼  𝜏 𝑎 𝜏  𝜂 𝑈  𝑇  𝑇  
where ETH output - the output thermal energy from one square meter of a solar system 
per hour; FR is the heat removal factor; τ is the transmittance of the cover; α is the 
shortwave absorptivity of the absorber; UL is the overall heat loss coefficient of the 
collector; 𝜂  - electrical efficiency of the system; Tin – inlet fluid temperature; Ta 
– ambient temperature.  
The parameters needed for the calculation of the electric solar energy supply are 
presented in Table 1. For all these parameters some assumptions were made. As 
there is a vast number of PV module configurations on the market that can be 
integrated into PV/T, the assumption made in this study was to used the parameters 






Table 1. Parameters for the calculation of the electric solar energy supply 
Parameter Assumed value Reference 
Reference temperature (Tr) 25ºC RETScreen 2004 
Temperature coefficient (p 0.4%/ºC RETScreen 2004 
Reference efficiency (r) 13% RETScreen 2004 
Inverter efficiency (taking into 
account wiring losses) (inver) 
90% Vardimon (2011) 
 
3.4. Scenarios 
Several scenarios of building energy use are considered in the BISE model. While 
estimations for solar energy potential per square meter of the available roof area do not 
significantly vary among scenarios, the building energy demand, which need to be 
covered, may differ significantly in different scenarios, reflecting different levels of 
building energy performance and energy efficiency improvements in buildings. 
Scenarios considered in this paper are to a great extent built on those elaborated under 
the 3CSEP HEB Model. This model includes three main scenarios depending on the 
scale and ambition of energy efficiency improvements in buildings in different regions, 
namely: Deep, Moderate and Frozen Efficiency scenarios. A comprehensive 
description of 3CSEP HEB scenarios can be found in Urge-Vorsatz et al. (2013), Urge-
Vorsatz, Petrichenko et al. (2012). For this paper Deep Efficiency scenario is the most 
important, as it presumes the most ambitious level of energy efficiency in respect to 
building shell related end-use, i.e. space heating, space cooling and water heating. 
Measures under this scenario are estimated to result in approximately 60-90% decrease 
in specific building energy use, which is a crucial step towards NZEBs. This scenario 
presumes that such measures are implemented on a large scale in both new and retrofit 
buildings across all the regions.  
 
3.5. Input data 
As was mentioned above and illustrated in Figure 1, the input data for the analysis 
presented in this paper come from several sources: 
 Data for estimating hourly solar irradiation per unit solar system surface area 
include global hourly geo-spatial data for several clmatic parameters (see Figure 
1), which have been obtained from NASA Science Mission Directorate, 
archived and distributed by the Goddard Earth Sciences (GES) Data and 
Information Services Centre (DISC) (NASA 2012). 
 Data for available roof area for solar systems installations consist of the data on 
floor area for each region, climate zone, building type and building vintage 
estimated by 3CSEP HEB model and roof-to-floor factors estimated means of 
GIS analysis of the datasets for urban building areas described in Jackson et al. 
2010. 
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 Data for building energy use for space heating, cooling and water heating come 
from 3CSEP HEB model. 
 Data for energy use by appliances and lighting come from the BUENAS model. 
The most important and complex part of the BISE model - estimation of solar thermal 
and electric energy supply – largely relies on the GIS analysis. 
Geospatial data were derived from the Modern Era Retrospective Analysis for Research 
and Applications (MERRA) archive for every hour (from 00:30 till 23:30) of every day 
of the five years (2001 – 2005) for the following parameters: global irradiation (surface 
incident shortwave flux), top-of-atmosphere (TOA) irradiation (TOA incident 
shortwave flux), surface albedo, air temperature at 2 m above the displacement height, 
northward wind speed, and eastward wind speed4. For each of the seven parameters an 
average across the years was calculated (for each month, day and hour) resulting in the 
profile for an ‘averaged’ year in order to reduce potential weather abnormalities. 
In order to handle a vast amount of data, reduce the risk of calculation errors and 
improve the robustness of the model, a customized software solution was developed in 
order to execute the calculation algorithm and visualize input data as well as each step 
of calculation in colorful dynamic maps with a global coverage, as well as to obtain the 
numerical results for each region, climate zone and building type stored into the 
multidimensional database.  
 
3.6. Main assumptions 
For its estimation of the maximum possible technical potential for building-integrated 
solar energy generation the BISE model focuses on hybrid photovoltaic/thermal solar 
technologies (PV/T). 
In the BISE model it is assumed that PV/T technologies are installed on all available 
roof areas in buildings during construction or renovation process starting from the year 
2014 and gradually becoming the standard for all retrofit and new buildings by 2025. 
Together with ambitious reduction in building energy use through energy efficiency 
improvement (as assumed by Deep Efficiency Scenario of 3CSEP-HEB Model) the 
results of BISE model give the opportunity to determine in which locations, climate 
zones and building types it is feasible to achieve NZE target by utilizing only solar 
energy.  
It is assumed that the electrical and thermal energy generated by PV/T systems can be 
used in buildings during one month and, therefore, generated solar energy is compared 
to building energy use on a monthly basis.  
In order to calculate the performance of solar systems on a large and aggregated scale 
the optimal tilt angle is assumed for all systems installations (OkSolar 2012). 
Certain assumptions had to be made on the technical characteristics of solar PV/T 
systems. For the electric part values for a typical Mono-Si PV module are assumed, 
with the reference temperature of 25°C, reference efficiency of 13%, nominal operating 
cell temperature of 45°C and inverter efficiency of 90% (RETScreen 2004, Vardimon 
2011). For the thermal part, values for a typical flat plate solar collector were assumed, 
namely: absorber plate emissivity of 0.93, glass emissivity of 0.9, efficiency factor of 
                                                            
4 Northward wind speed and eastward wind speed represent two components of the wind, which have 
to be taken into account in calculating the overall wind speed 
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0.92, flow factor of 0.026 kg/s, transmittance of the cover of 0.9, absorptivity of the 
absorber of 0.94, mass of the water in the storage tank of 100 kg, heat transfer 
coefficient between the solar cells and the copper absorber – 20% and fixed thermal 
heat losses of 20% (Tripanagnostopoulos et al. 2000, Reynolds et al. 2004, Góngora-
Gallardo et al. 2013, Matuska et al. 2009, Sok et al. 2009, Sok et al. 2010). The inlet 
fluid temperature (the temperature required in the storage tank) for the first hour of the 
sunlight was assumed constant (18°C) and the same across the regions, due to 
unavailability of such detailed measured data at the regional scale. The inlet 
temperature of the subsequent hours was calculated through an iterative process. 
 
3.7. Modeling limitations 
To the authors best knowledge, the methodology presented in this paper is the first 
attempt to model solar energy generation potential in buildings on the global and 
regional scales at the level of sophistication comparable to the models for individual 
buildings. Global and regional scale, however, required some compromises in terms of 
disregarding certain variations and details: 
‐ Scope. The model focuses only on one type of renewable energy technology - 
building-integrated solar systems, focusing specifically on  hybrid PV/T solar 
systems, as being one of the promising technologies, allowing for simultaneous 
generation of solar electricity and heat from the same receiving surface. There was 
no detailed assessment whether this technology is the most cost- or environmentally 
optimal in all climate zones and building types. 
‐ Input data. Energy use estimations are taken from other models as the input data 
for the model. BUENAS model considers only a limited number of appliances, as 
well as the regional division and time horizon different from the ones of the BISE 
model, which required certain approximations. The data from the 3CSEP-HEB 
model also had to undergo some modifications in order to separate the estimations 
for final energy use for space heating and coolingbased on the heating and cooling 
degree days for each month.   
‐ Technical details. Certain system-specific parameters for solar technologies (e.g. 
absorber plate emissivity, flow rate, efficiency factor, system losses, reference 
temperature of the system, reference efficiency of the PV part, etc.) were defined 
and assumed fixed based on the typical values found in the literature. Tilt angle of 
solar systems is assumed to be optimal in all the cases, as well as thermal and 
electric efficiencies of the system are assumed to be fixed during the modeling 




The results, which can be obtained from the model are extremely diverse and cover 
many areas. The final results for solar energy generation are obtained separately for 
potential solar electricity and solar heat for every hour of every month for an average 
year (in terms of weather data) between 2001 and 2005 and projected till 2050. The 
results can be aggregated on the hourly, daily, monthly and yearly basis, as well as 
presented for various regions (11 large regions, plus separately the US, China, India 
and 28 EU Member States), climate zones (up to 17 around the world), building types 
(single-family, multifamily, office, educational, hospital, retail and other buildings) and 
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building vintages (existing, new, retrofit and energy efficient new and retrofit 
buildings). 
There are also other types of the results, which can be obtained at intermediate steps of 
calculation, which include: 
 Total roof area and roof area available for solar systems installations for each 
region, climate zone, building type and building vintage 
 Hourly diffuse radiation per square meter of the horizontal surface5 
 Hourly beam radiation per square meter of the horizontal surface 6 
 Hourly total solar radiation received by the plane of the solar system 
Due to space constraints, in this paper we focus on selected high-level results only, 
while other papers will elaborate the detailed findings and policy implications. While 
the BISE model covers various residential and non-residential building types, due to 
space limitations this paper focuses only on the results for single-family and educational 
buildings for the illustration and comparison purposes. 
Table 2 presents the potential for solar thermal and electric energy generation given by 
the BISE model at global and regional level. 
 
Table 2. Global and regional potentials for solar thermal and electric energy generation in 
buildings under Deep Efficiency Scenario in 2050 
Region/ Unit=PWh Solar Thermal Solar Electric 
World 6.9 7.2 
NAM – North America 1.4 0.9 
SAS – South Asia 0.5 0.2 
CPA – Central Planned Asia 1.8 1.3 
WEU – Western Europe 0.9 0.5 
EEU – Central and Eastern Europe 0.2 0.1 
AFR – Sub-Saharian Africa 0.2 1.7 
FSU – Former Soviet Union 0.6 0.2 
LAM – Latin America 0.5 0.8 
MEA – Nort Africa and Middle East 0.3 0.8 
PAO – Oceania (Pacific OECD Countries) 0.3 0.2 
PAS – Other Pacific Asia 0.2 0.5 
Note: the numbers are based on the the aggregation of monthly results for different building types, taking into 
account building energy demand, i.e. as it is assumed in the model that solar energy can not be stored longer than 
for one month, any surplus of solar energy potential exceeding monthly building energy demand is not taken into 
account in this aggregation. 
 
Figure 2 and Figure 3 present the results on the potential coverage of building energy 
needs by solar energy generation (separately for thermal and electric) in 2050 under 
                                                            
5 Diffuse radiation is the solar radiation received from the Sun after its direction has been changed 
through scattering by the atmosphere 
6 Beam radiation is the solar radiation received from the Sun without been scattered by the atmosphere 
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Deep scenario for single-family residential and educational buildings, respectively. The 
figures demonstrate that In case of the solar thermal energy, the model identified a 
substantial potential to cover energy needs with solar energy for both building types 
during the warm season in most of the locations. The main reason for this is reduced 
heating load in buildings during this time period. Single-family buildings demonstrate 
the highest potential to cover thermal energy needs in all presented months. This 
difference is especially noticeable in the Northern Hemisphere in July, where for single-
family buildings all thermal energy needs can be covered by solar energy, except for 
some Scandinavian countries, while for educational buildings this potential is far from 
reaching 100% in a number of locations (e.g. Canada, coldest part of Russia, 
mountainous areas of China, etc). 
Results for January demonstrate that both building types have a clear need for axillary 
thermal energy supply in a large part of the Northern hemisphere. These results show 
the impact of climate conditions on the energy balance in buildings: coldest climates 
have the highest heating load, which is unlikely or impossible to cover solely with solar 
energy. Results for October show similar trends, although in most of locations the share 
of thermal energy use which can be covered by potential solar heat supply is larger than 
that in January, due to lower energy demand for space heating. 
Buildings located in the Southern hemisphere typically have much higher potential to 
cover thermal energy needs with solar energy in comparison to the same building types 
from the other hemisphere. It can be explained by generally much lower energy demand 
for space heating and often for hot water, and at the same time a larger number of sunny 
hours throughout the year. 
As for solar electricity the results are quite different from those for solar thermal energy 
outlined above. In single-family buildings it is possible to achieve 100% coverage for 
electric energy needs in a number of locations during the cold season. Exceptions are 
Canada, Europe and Australia due to high energy needs for lighting and appliances. 
Moreover, the first two regions have rather limited availability of solar energy resources 
during the winter, which decreases the opportunity to cover electrical needs to a full 
extent. Australia with a much higher availability of solar resources is characterized by 
notable cooling demand in January, which increases total need for electricity and, 
therefore, makes available solar electricity supply insufficient to cover all energy needs. 
In comparison to January in October more locations around the world demonstrate 
larger solar fraction, due to higher solar activity in the Northern hemisphere and lower 
demand for cooling in the Southern one. 
During the summer-time the potential to get to net-zero through on-site solar energy 
generation in single-family buildings decreases in many regions in the Northern 
hemisphere (e.g. North America, Europe, Northern Africa, Middle East, etc.), as 
relatively high energy needs for lighting and appliances  become accompanied by 
increased cooling loads.  
Educational buildings typically demonstrate much lower potential to cover electricity 
needs with solar energy than single-family ones in all the months mainly due to 
relatively smaller available roof area in relation to high energy needs for appliances, 
lighting and cooling.  
The results for this building type (Figure 3) for a number of regions show relatively low 
solar electric potential in most of the regions in the Northern part of the world with 5 - 
30% solar fraction throughout the year. In the Southern hemisphere the solar fraction 
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is higher than in the northern part of the world with a number of locations, for example, 
in India, Pacific and Africa demonstrating the potential to get close to the net zero 
energy level, especially in January and October. 
Energy efficiency in buildings plays an important role for achieving higher solar 
fractions and potentially net zero energy building performance. The results presented 
in this paper analyse the 3CSEP-HEB Deep Efficiency Scenario – therefore a high level 
of energy efficiency in buildings is presumed for space heating, cooling and water 
heating. More detailed analysis on the importance of energy efficiency for the results 
of the BISE model can be found in Petrichenko (2015).  
Climate conditions and time of the year also have significant impact on the solar 
fraction. Analysis of the monthly energy balances for selected months illustrates that 
different climate conditions influence both energy use and potential solar thermal and 
electric energy output. In heating-dominated climates the opportunity to cover thermal 
energy needs only with solar thermal energy supply is very limited. As for electric 
energy use and potential solar electricity production, climate zones with high cooling 
demand demonstrate more difficulties in reaching the NZE performance. Although 
cooling energy use in 2050 in a number of regions, climate zones and months has a 
relatively small share in the total electricity demand, during hot period of the year 
increased cooling demand in cooling-requiring climates often makes solar electricity 
output insufficient to cover all building electricity needs. 
The results demonstrate that a significant technical potential for solar-supplied net-zero 
energy buildings exist on the global and regional scales. In a number of regions and 
building types it possible to achieve net- or nearly zero level of building energy 














Note: the legend shows the percent of energy use, which can be covered by solar energy production 
 
 
Figure 2. Potential for solar energy to cover building energy needs in 2050 under Deep 
scenario for single-family buildings. Left: thermal energy; right: total energy use 
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Note: the legend shows the percent of energy use, which can be covered by solar energy production 
 
Figure 3. Potential for solar energy to cover building energy needs in 2050 under Deep 
scenario for educational buildings. Left: thermal energy; right: total energy use 
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5. Comparison with other model results 
 
As mentioned above there are no similar studies in terms of the scope and detail, results 
of which can be directly compared to the estimations presented in this paper. The only 
study with a comparable geographical coverage but significantly less detail, which was 
found, is Hoogwijk (2004), which estimates technical potential of roof-integrated PV 
electricity generation. The author provides the results for 17 large regions, which to 
some extent can be aligned with 11 regions covered by BISE model. Moreover, 
Hoogwijk offers the estimates only for the base year (2001), while BISE model 
presumes a transition period for hypothetical proliferation of solar systems in the 
building sector between 2014 and 2025. Therefore, BISE model does not have the 
estimations for the solar potential in the Hoogwijk study base year. For the purpose of 
comparison technical potential for solar electricity from the BISE model has been 
estimated for the base year (2005) by calculating aggregated solar electric output per 
square meter of available roof area in 2050 and multiplying this ‘intensity’ by the 
available roof area in 2005 in each region. The results of this comparison by region can 
be seen in Figure 4. This figure shows that the results of the two assessments are at the 
same level of magnitude. Regions like Latin America, Former Soviet Union, South East 
Asia and Eastern Europe demonstrate quite similar results between the two studies. 
However, there are regions, in which results differ substantially (e.g. East Asia vs CPA, 
North+West+East+South Africa vs AFR, Europe OECD vs WEU, etc). In some cases 
it can be explained by the fact that the regions considered in the two models include 
different sets of countries. However, a more significant impact is likely to be made by 
the difference in the approach to estimating available roof areas for solar systems 
installation. Moreover, Hoogwijk’s study assumes a fixed PV efficiency, while BISE 
model is designed to take into account hourly, daily and monthly climatic variations in 
estimating the electrical efficiency of the solar systems for a given location of the globe. 
At the global level the BISE model shows a slightly lower PV potential when compared 
to three other sources (see Figure 5). As can be seen in Figure 5 Hoogwijk and Sørensen 
arrived at very similar estimates, which can be explained by a number of similarities in 
their approach and assumptions. Hofman et.al. demonstrate the highest value for the 
potential solar electricity production among all four results mainly due to different 
approach to estimating the roof area and assumptions for PV efficiency (for more 
details see Hoogwijk 2004). In spite of having significantly different methodological 
approach from all three outlined studies BISE model presents very similar results to the 
ones provided in Hoogwijk (2004) and Sorensen (1999). BISE results are slightly 
lower, which can be explained by rather conservative estimations for available roof 
areas and more detailed calculation of electric efficiency, which can vary according to 





Figure 4. Results on the technical potential for solar electricity produced on building site in 





Figure 5. Comparison of the global technical potential for the annual roof-integrated PV 










































































This paper presented the methodology and results of the global and  regional model (BISE 
model) for estimating technical potential for net zero energy buildings in different locations, 
climates and building types through ambitious implementation of energy efficieincy measures 
and advanced building-integrated solar energy technologies. 
The model combines methods of bottom-up energy modeling and geospatial analysis, which 
provides the opportunity to cover main end-uses, building typologies and geographically 
references climatic conditions. It applies methods of dynamic floor area estimations used in 
3CSEP-HEB model and market diffusion utilized in the BUENAS model in order to derive 
results for building energy use for space heating, cooling, hot water and appliances and lighting, 
respectively. Based on these results a Deep Efficiency Scenario was constructed in order to 
reflect potential building energy use in case of world-wide application of energy efficient best-
practices across end-uses and building types by 2050.  
The results of Deep Efficiency Scenario demonstrated significant energy savings in all regions 
and building types in comparison to moderate energy efficiency improvements in buildings by 
2050. Using high-resolution climatic data and spatial analysis techniques, the BISE model 
estimated how much electric and thermal solar energy can be generated from hybrid solar PV/T 
systems on the available roof areas.  
In this paper the results for building energy use under the Deep Efficiency Scenario and 
technical solar energy potential were compared on monthly basis for 2050. This analysis 
demonstrated that there is a significant potential to achieve net zero-energy levels of building 
energy performance through energy efficiency measures and solar energy supply in a number 
of locations, building types and climates. High-rise buildings generally demonstrate lower 
potential for full coverage of building energy needs with solely onsite solar energy generation 
than low-rise buildings. This means that in densly built urban environments with mostly high-
rise construction the solar energy supply option should be combined with other solutions for 
renewable energy supply. 
Heating-dominated climates also demonstrate significant constraints in terms of reaching net-
zero energy levels with solar technologies, as their application for space heating without 
auxilliary solutions (such as, for example, heat pumps) are still limited. In cooling-dominated 
climates cooling peak loads during the hot season often prevent some building types (mainly, 
non-residential) from geting to ‘the net zero’.   
Developing countries demonstrate mich higher potential for solar energy supply than the 
developed ones, mainly due to lower specific energy use and higher availability of solar energy 
resources in this locations. This finding shows an opportunity for developing countries to 
leapfrog to a more sustainable energy path for their building sectors.  
This paper demonstrated that the technical potential is significant, however, it requires 
substantial policy effort to ensure a large-scale deployment of energy efficiency and solar 
energy options. It also does not analyze the economic feasibility of such deployment, as well 
as potential utilization of alternative technologies for renewable energy supply, which are 
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